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Abstract /S D¢ ¥

The basic theory of thermal emission from the terrestrial atmosphere, as
applicable to radio lrcqixcnctn. is presented and utilized to compute the e¢ffect
of resonanae lines of neutral atmospheric constituents. It is shown how ground-
based obsgervations of the HZO line at a wavelength of 1. 35 cm can be used to
obtain the total integrated 1,0 abundance along the line of sight and give infor-
mation on the H,O abundance in the stratosphere. Likewise, it is shown that
satellite microwave observations c¢an give the integrated H,0 abundance over
oceans, but is less prqmisinz over land. The spectrum of O, is discussed In

‘terms of probing the atmosphere by ground-based, balloon, and satellite obser-

vations. Estimates are presented for detecting O; and OH by microwave
techniques.

*This work was supported in part by the U.S8. Army, the Alr Force Office
of Scientific Research, and the Office of Naval Research; and in part by the
National Aeronautics and Space Administration:]{Grant Nao-clé.
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1. Introduction

Studies of the radio properties of the terreatrial atmosphere, stimulated by
World War II microwave radar development, tropospheric scattering research,
and the more recent need for communication with space vehicles, have led to a
considerable amount of published dah on how the neutral comutituents of the atmose
phere affect radio propagation. Early werk was devoted to the attenuation by
H 0 and Oz; of short ccnummr wavelength radiation at, or near, ground level. 1.2
Subuquont tnvnuguum have hrgdy continued this trend, at least for millimeter
wavelengths, Wlth the advent of low-nolse receivers and high«gain antennas,
interest has focussed on haw the thermal emission properties of the atmosphere
might atfect Fadio astronomical observations? and satellite communication systems
operating at centimeter wavelengths.® An excellent bibliography of these subjects,
mcluding fonuphortc' research, with over 1000 listings has been co:npﬂod by
anon’z current low=frequency radio astronomical 'tﬁdiu of the atmosphere,
with miny references, are thoroughly covered in the volume by Am'onc.6 and a
comprehensive bibliography related exclusively to thermal emission from atmospheric
gases at microwave frequencies has been prepared by Abbott and Wntwator."
Microwave investigations of the sort cited above have been largely dictated by the

nud'.tar lnlo‘rmnuon.thnt is relavent to system dnigh and have not been directad
towai'd using ndio metheds to obtain data on m‘phydcal structure of the atmosphere.
However, an increasing amount of research is being devoted to the u&c of pasaive
radio, particularly microwave, techniques as a means ¢f probing various mete-
orological and physical phenomena of the nm;o-phcu. l"pr sxample, one c¢an list
microwave refractometer measurements of the variations in refractive index,
studies of radie emission from thunderstorm eells,’ fluctuations in thornu;
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emission from largesscale weather phenomena such as the passage of a ¢old
lront.“ attampts to detect O’ by virtus of its resonance liness near 8§ mm.“

& means of dc'tocung high<altitude (,ptritocpho‘rlc‘) ﬁ{) Wéfow:v* reBcHALCE
observations,’? and use of the o, resonance lines at § mm as an atmospheric probe.
probe, 314 Tng first three programs listed above are concerned with broadband
aspects o stmospheric radiation, while the latter three specifically involve specs -
tral resonance lines of atmospheric molecules. This paper will be concerned
sxclusively with the use of these And other lines, as a means of prodbing the vertie:
cal structure of the atmosphers. | | '

In th'o'(wn'cungth range 1 mm-10 ¢em, microwave propagation in the nrth‘i
atmosphere is dominated almost entirely by the attenuating effects of nzo and 03.
The principal rotational lines of H,O in this range are'at 22,235 Mc and 183,311 Mo
corréesponding to wavelengths of 1.35 cm aund 1.64 mm, respectiively, while the Oz’
lines cluster closely near 60,000 Me with the exception of a single line at 118,748 Me,
that is, at wavelengths of 5 mm and z.si mm, respectively. Other atmospherie
conatituents have microwave lines in this range. The effect of these éonnutuonu.
bhowever, is at 1§ut u order of magnitude smaller than that of nzo and oz
because of their amall abundance. For this resson, these molecules have not
received much attention in propagation studies, but their detection would afford a me
meaiits of obtdln&ng geophysical information oa the particular upccvxu. Atmospheric
molecules in this category include O,, N,0, CO, OH, NO,, NO, §0,, and NH,.
A compllation of the resonant frequencies of these nrdlwniiles, plus molecules of
possible interest in the atmoapheres of dihcr planets, has been given proviounly.“

In the following sections the basic theory of absorption and thermal emission
from the atmosphere at radio frequencies will be briefly presented, and thias will
then be applied to the discussion of ground-based, balloon-borne, and satellite



experiments involving atmospheric microwave spectral lines.

II. Thermal Emissicn and Absorption in the Atmosphere

In the conaideration of the transfer of radiation within a gas, a fundamental

quantity is the absorpticn coefficient per unit length, a(v), defined by the relation
dl » ~a(v) By, | (1)

where 'dlv is the' change of intenaity of radiation at frequency v in traversing a
- path of length dx through the gas. The minus sign arises, of course, &caudo the
intensity is reduced in its passage through the gas. There will also be emission
by the gas which cm,h'npr.unuﬂ ia terms of & volume emissivity n , defined
as th§ power emitted per unn‘volm'c and per unit aolid angle. From the requires

ment of conservation of energy, one is led to the equation of radiative trmtor“’

: d—:—n ~a{v) I, +n,. (2)

For matter in thermodynamic equilibrium, s condition that certainly will apply
for our purposes, the volume emissivity and absorption coefficient are related
by Kirchbisft € bay,

LIRS et (3)
o(v) —?—m}‘ J’l o* ~

whers the hstlom of the oquuén follows from expanding the exponent, since
hv/kT « 1. This condition alse allows one to expreas the intensity, or flux dansity
per unit solid angle, I, in terms of the brightness temperature Ty definad by the |
relation ; |

kT v®
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Combining these equations, we find that the formal solution to the equation of
radiative transfer, Eq. (2), is

[}
Tgh) = T, o Tvib ), S; Tix) o VIR X ¢y , (5)

where the optical d-pth v, (R x), or total attenuation between levels b and x,
measured along the line of sight, is given by

.
d‘rv - f(v) dx v'(h.x) [ Sn e(v) dx (6)

Equation (5) admits of an obvious interpretation: The first term represents the
contribution at altitude h from a source outside the atmosphere of brightness
temperature 'l'° and attenuated by the entire atmosphere along the line of sight,
while the ue‘ond term is the integrated emission from the atmosphere itself
bstween h sand the hoigﬁt at which thc atmosphere may be considered nonexistent.
It is clur that any evaluation of thermal emission from the atmosphere
mnst lncludo an expression for the abaorption coefficient a(v). Practically all
miorowavo results, whether laboratory or atmospheric, are interpreted in terms
of the Van Vieck-Weisskopf theory of absorption by collision-broadened lUnes.}?
This theory gives a general result for the absorption coefficient as follows

2 WA
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where N is the number of molecules per unit volume, Ej is the energy of level

3, By is the dipole matrix element connecting states §{ and j, Av is the line

width parameter, defined as the halfwidth at half maximum_ snd "'ii i the
resonant frequency defined by levels i and j. In laboratory investigations, the
halfwidth might be a few Me, or icn. 80 that the condition Av/v «1 is satisfied
and the second term of Eq. (8) can be neglected. However, in the atmosphere,
balfwidths of several thousand Mc are possible and the second term can no longer
be dropped.

In atmospheric studies, the largest uncertainty in using the above-given theory
arises from the linewidth parameter, &v. This occurs for two reasons, both of
which are connected with the fact that laboratory spectroscopy is carried out
under vastly different conditions thah are spplicable to the terrestrial atmosphere.
First; laboratory research is ususlly carried out with pure samples of & gas;
therefore t’ho._nhewidth.pm;tpu 80 determined are the result of collisions of
the species with itself, that is, self-broadening, whereas the linewidth applicable
in atmospheric gtudes ruﬂta from collisions with several different moleculax"
species. A case in point, the broadening of the O3 lines by 03"'03 collizions is
known from laboratory spectroscopy, but the effect of 03"0: and O,«N, collisions
will détermine the O, linewidths in the atmosphere, and the effectiveness of these

collisions is unknown. If data are available on foreign gas broadening, the line-

width parameter can be computed from the upronlon-“
Av, = ?15; Avu. '(9)
where X, is the fractional abundance of molecule j and A"U is the broadening of

the resonance line of molecule § which i{s due entirely to molecule j. Unfortunately,



!wwcnr. the _Av“ are usually unknown and one must rely upon estimates based upon
dipole moments or the rslative broadening of NH 3 Fesonances which have been
studied with foreign mu." A second uncertainty that arises in applying labore
atory data to atmuphorlé lines is QM' need fqr linewidth parameters at pressures of

' one &tmosphere, whprm hbonlory data are nonnghy acquired at pressures of

| 10“-10" atmospheres. The lnbmtory results may be applied over a wide range

of prcnui«."bnt usually not as high ss one atmosphere. The theory of line
broedening indicates that linewidths should be proportional to pressure only as

long as twe-body com.lm domnmo. ,Whou thr«-body coliisions become important,
the finewidth &ill no longer be & linear hncuon of the prumc. Clearly, the
predaure wheh such effects set in will depénd on the plccmw properties of the
intebacting mfolecules and the nature of :_tho interaction ruponubl; for the broadening;
thersfore geriral statements applicable 10 atmospheric situations are difficult.
Bpedific reaults that apply to H,0 and 0‘ will be dhcuuod below.

M is clear from Eqs. (5) and (6) that any evaluation of thermal emission from
the ltnuphon invoives an integration threughout the atmosphere. It is necessary,
therefore, ﬁ:opccﬁty how ;ho gonpontu#o. pressure, and molecular composition
vary along the path of lntuuﬁ_ou. " The first two are 'convonluuy givea by the
conipilation of & standard model atmosphere,'? but the latter will depend on the
eonlitituent of interest. For example, the variation d the density of H,O with
heifht will idino way resemble that ol t}z or Oy, Kach case must be treated aep-
arslely, as Will be discussed in Section . ‘ ’

'By meund of Eqs. (5)-(8), the m&il#dcpth vf and the brightness temperature
‘l"‘h the frequency range from 3 Gé'to 100 Ge have besn computed for the earth's
atniosphere frem ground level for senith angles of 0°, 60°, and 83°. The results
are showa in Figs. 1 and 3. The equations have been integrated te & height of 60 km
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and include the effect of the earth's curvature. The lhtozutca water vapor
abundance assumed is 2 gm/em? distributed exponentially with height and having
s ground-lcvél K o dmuty of 7.9 gm/m v The details of the H,0 and O, absorption
coefficients used in the computations are given in Sectiocns Il and v,

The duauuuvo relationship between Figs. 1 and 2 can be waderstood casily.
For example, it is seen from Fig. 1 that the optical depth over the range from
7 Ge to 63 Ge, which is due almost entirely to O,, is over 100 db for a zenith
angle of 0°, that is, the atmosghpere is opaque to these frequencies. This means
that any emission received at ground level must originate very near the ground
and,  therefors, the b;lghtncla temparature must be.very nearly equal to the
tempéerature at ground level. From Fig. 2 it is seen that this is just ‘tho rase;
over the stated range of frequencles all spectral differences are gone and th~
brightness texiperature oquila 285 *K, the temperature of the lowest kilometer, or
80, of the atnibsphcu. On the other hand, at 22.2 Ge, the nzo resonant {requency,
the optical depth is no more than 0.6 db, corresponding to a power absorption of
13 per cent, and the atmosphere {s relatively transparent and gives rise to only
35°K brightness temperature. Furthermore, the atmospheric ‘windows' at 8 mm
and 3.5 mm are apparent as minimums in the optical depth curve. The increased
optical depth and brightness temperature at senith angles other than 0° result,
of course, from the increased path length through the atmosphere. At 85° genith
angle the HzOl resonance is beginning to be obliterated becauss of the increase in
the total attenuaticn, much like the case for the O, lines between 57 Ge and 63 Ge.

The theory of atmospheric attenuation and emission has been reviewed in this
section and used to obtain the general characteristics of the microwave properties
" of the atmosphere as influenced by BZO and 03' In the subsequent sections, the



datalls of geveral molecular resonances, including nzo and °z' will be investigated
in terms of ground-based, balloon-borne, and satellite observations for the pur-

poses of providing meteorological and geophysical information.



IIl. B0 Experiments

attention to the single line at 22.238 Go; therefore the equations can be expected
to contain & single resonant term plus a term representing the effects of the wings
of all the higher frequency lines. If 'M" and vu»u. then Egq. (8) can be
spproximated as 20(»)/w for the high-frequency lines. Using this result

and inserting numerical values of the molecular parameters in Eq. {(7), one
obtaing?*1?

a(v)d’a.osxu“&!mn[‘ Av ¢ _Av 2

TS/Z v-v.): ¢ &t (v".)z 4 Av

,
¢ 1.52 x 1032 Nv_av (10)
r3/2

as the absorption coefficient in em”). Inthis expression, v and Av are in sec”},
N is the H,O number density in cm™>, and T s in °K.

Fortunately, the K,0 line has been investigated in the laboratory in air for
pressures of one atmosphere so that many of the uncertainties about Av, referred
to in Section II, are rmond.” As expected, the principal source of broadening
is due to BZO-Oz and H,0-N, oollisions, but & small contribution comes from
nzO-BzO collisions in spite of the small relative abundance of azo. This is a
direct result of the R0 dipole moment and the large effective collision radius
that results therefrom. The H,0 collisions are soms five times more effective
than' the O, wid N, collisions, and, for the most accurate work, this effect must
be included. Accordingly, the linewidth is given by

10



av ¢ 1.26 x 10° ?;‘-'5-,- {3+4.6x107%}, | an

whers P 1s the total pressure in mm Kg, snd ¢ ia the H,0 density in g/m’.
The temperature dependence of Av is that given by Benedict and Kaplan.2}
Yor T » 300°K and P ¢ 760 mm Hg, the linewidth parameter is 2.7 Ge.

Equations {10) and (11) do not accurately describe H,O absorption in the
atmosphere and, thersfore, require modification. Note that Eq. (10) contains
& nouresonant term varying as v} and proportional to Av. This term arises
from the approximation made for the absorption in the wings of the high-frequency
lines. Expeiiment has shown that the absorption for frequencies higher than
the NM frequency is larger than that expected from the expressions above,
and the reastn is not well understood.?2%2}  powever, Eq. (11) was derived
from messutements of the 22.2 Go resonance, Mlhmlnlh‘thlrdtcrmd
Eq: (10) imylies that ail high-frequency lines will have the same broadening.
This is eontrary to theory®® and undoubtedly will explain some, if not all, of
the discrepancy. In any event, atmospheric measurements can only be explained
if the coeffisient of the third term of Eq. (10} is increased by a factor of § to
become 7.6 X xo‘f". This value has been used in all computations reported
hete.

- The ocontribution of H,0 to the results shown in Figs. )} and 2 have been
ccinputed by using Eqs. (10) and (11). As the frequency spproaches the H,0
lire at 183.3 dd. these expressions will be & poor approximation because the
condition that » 4 » v, required for the nonresonant term, will not be satisfied.

Therefore, mear 100 Ge, Figi 1 and 2 should be considered approximate cnly.

' Observations of the H,0 lUne in the terrestrial atmosphere san be used to

détermine the integrated n,o abundance along the line of sight. As can be
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seen from Fig. 2, the brightneas temperature in the neighborhood of the resos. .
nant erq consists of two m: a teso;:ant term resulting from the first
{wo terms of Eq. {i0) and & nonresonant term resulting from the wings of the
high-frequency H,O lines, as given by tho third term of Eq. {10), and a small
oontribuuon,trou': the wings of the Oz iinbs at 60 Ge. By makina ‘almultaneous
observations ut nvorai frequenoiu over the rabgo 15435 Gg, it will be possible
to determine thc brightnou temperaturs 'rB Ind to uparm the resonant and
nonresonant contrlhntiona. The resonant part of TB follm from Eqs. {5),

(6}, and (10) as

Ne‘mﬂ

It e So' T ar, = ! So“ ey

r Av 2* Av 5 dx, (12)
(v-V) + Av (v+v) + Ay

=7p{0ux) . . LN e e ,
where @~ V  ifl thé integrand 8 Eq§: {5} has beési spprosdmated to be unity

because the total optical depth 'r'(o.-n)' is small on the H,0 unf. ",‘o has been
taken zero, tha'lowor Limit has been set ;aqual to xero as {3 apiarapridte for
ground-based observations, and p » 1.05 % 10”28, the coeffictent in Eq. {10).
Equation (12) u of 1little value because of the complicated manner in which it
depends on temperaturc and preuuro. since ‘Av is a function of both. However,
by dividing both sides of Eq. (12) by v and integrating over the observed line
profile, one obtains |

e ~644/T
T -&44 o
R L T
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whare the last equation results from taking the temperature~dependent factors
out of the integral and replacing them by an aversge temperature T"‘. smco‘
the integral tu the left can be evaluated numerically from the observed line
profile, the integrated HzO sbundance can be determined. The main oouroe“
of error in this technique will result from errors in determining the line profile
and in removing the temperature functions from the integral. |
It is seen from Eq. {13) that the area under the brightnesstemperature pro-

file is & measure d‘tlu total number of HyO molecules in the line of sight, but
gives no information on the mamner in which these molecules are distributed
with height. "However, the vertical ﬂhtrlbutloq of H,0 will strongly influence
the shape of'the temperature profile’®) therefore, detailed studies of this
shape can give information on the distribution. It might appear that a measure
of the brighthess io:pponturo on the resonant frequency would be a measure of
the total water vapor, but Eq. {12) with » v, shows that the result will depend
on the verticul distribution of HZO through its influence on Av. In fact, large
differences oan arise in the valye of ‘I'B('v o’ for the same integrated abundance,
these values depending upon the vertical distribution of H,0.12

“The fact-that the line shape is drastically {nflusnced by the vertical distri-
vbutlon of H,O has led to the suggestion that M—m.d observations can
give evidence of H,0 in the ltrutocbﬁirc.lz To see how this is poesible, cone~
sider a distribution of H,0 with height as shown in Fig. 3. 8uch a distribution
s typical of many that have been deduced from balloon flights, 2?4 but there
{s question as to whether the increase in H,O abundance above 18 km or so is
resl or 1s & Tesult of contamination from the balloon. If the distribution of
Fig. 3hu¢d_vtththothooq‘d8.¢ubnnbcomp\mt}unqumo. the
curve of Fig. 4 results. This unusual profile {s the result of an exponential

13



H,O distribution that gives rise to & profile resembling that of Fig. 2, plus a
large reaponié very close to the resonant frequency that originates from the
anomelous H,O abundsnce above 18 km. Since the ‘extra’ H,0 is all Jocated

st high altitudes, the linewldth for this H,O 1s small and the entire effect is
concentrated near the resonant frequency. In other words.v stratespheric H,O
can only n.tfect the profile near Yo . The fact that the 'spike’ is 80 large in com-
parison with the ront of the proma. in spite of the fact that only & minute frace
tion of the total azo is involved, is a result of the abgorption at resonance being
xndepend’ent of pressure. This can easily be seen from Eq. (30), since alv ) -~
N/av, which is independent of pressure. Preliminary attempts to detect
atratospheric nzo by this method have been conducted at the Research Labe
oratory of Electronics, M.l T., without positive results, but an exhaustive
observational effort has not yet been made.

- The ground-buéd experiments discussed above have been concerned with
detecting the thermal emission from the atmosphere. The same experiments
can be envisioned as absorption exporixhenil with the sun used a8 a source of
background radiation. The analysis follows along the same lines, except that
'l’o of VEq; {5) would.bc taken to be the radio brightness temperature at the
frequency of interest. Solar absorption observations offer the possibility of
detecting smaller effects because the brightness temperature exceeds that of
the atmogphere by at least a factor ot 20, but there are several digadvantages
to solar olgaeintion;: (1) observations must be restricted to daytime hours,
(2) only a limited range of senith angles is available, (3) interpretation of
broad resonances. such as the entire H,O line are complicated by the intrinsic
solay radio spectrum, (4) time.variant solar radio events, although rare at
microwave frequencies, will hamper the observaticns, (S) tragktng capability

14



must be available for the cbaerving equipmant, and (6) the receiver output

fluctuations will be greater. Solar absorption observations appear to offer the

greatest {mprovement for narrow lines, such as the detection of high-altitude

H,O or other amutuunt; found at high altitudes. '
Atmospheric nzo can als0 be studied by radiometric techniques in conjunction

with balloon mzhti. It is possible to cbtain the H,O distribution with height from

such flights by using the same method as used above to obtain the integrated

abundance. In this case, howsver, the integrated abundance could be obtained

as a function of height as the balloon rises in the atmosphere, and this, in

turn, givesthe absolute abundance versus altitude.

" 8ince stratospheric H,O, if it extsts, should be detectable from the ground,
it should also be detectable at all haights reached by present balloon technology.
By using the H,O distributicn of ¥ig.3, the ‘spike’ on the resonant frequency
would haveithe shapes shown in Fig. 5 for different balloon altitudes. Note that
the intensity of the 'spike’ becomes larger, at first, as one goes up in the
atmosphere, and then decays, but only slowly. It becomes larger because
there {3 less nio attenuation between the balloon and the stratosphere as the
balloon rigses, but it finally begins to dociy at the maximum height because there
is less H,O having emission in the frequency range. The decay is also slow
because the optical depth is independent of pressure, as discussed hbdve.

* As a final topic on H,O studies; iwe shall consider possible satellite obser-
vations of the H,O line at 22,2 Ge.!i The theory of Section II is directly applicable
to this situation, except, of course, that the integrations must now be taken
from the top of the atmosphere downward to the ground, and T, in Eq. (5) must
be taken to be the brightness temparature of the earth's surface. If the satellite
is over land, one can expect T, 1o be approximately 290°K, since the emissivity

13



of the earth will be nearly unity. Approximating Eq. (5) by using an average
temperature in the second term z(no

- -
[ v

TgoToe "¢ Ty (- ) (14)
for a frequenocy in the H,0 line. On the other hand, for a frequency well removed
from the line, Eq. (14) reduces to TB ® 'l.‘f, Therefore, the brightness temper-
ature difference resulting from the n,o resonance is simply

.'V ~ ) |
ATg =T, =T (10 )% (T, T v, (15)

From Figs. 1 and 2, it is possible to estimate v as 0.14 and 'r"‘ as 260°K.
Inserting thoru values gives ATB s 4°K. This {s a small value compared with
the emission line of Fig. 2 and does not make this form of & satellite experiment
very attractiye. The small ‘vduok results, of course, from the approximate
equality between T and T, and the small 7., that {s, the absorption of the
earth's radiagion by the H,Ois llmoqt exactly balanced by the smission from
the absorbing gas. More detailed compuuuon& of this resonance as seen tr:;m
& satellite giye & brightness temperature change over the H,0 line of 2°K. 5
The line will Iappenr as an anorpuon iino. as represented by the fact that
Ty ® Ty, IWEQ (15): | f

rAlthough the spectral differences in the brightness temperature caused by
H,O when viswed from & satellite over land will not be large, quite a different
situation prevails when the sktellite {s over the oceans. The radiatica to space
from the H,0 ln the atmogphere will bc essentially the same for the two cases,
over land or over oceans, because the temperature of the atmosphere is the

same, but the brightness temperature 'ro of the background surface will be

16



very different. This diff¢rence arises not because the temperatures are
different but because the emigsivities are different. For example, a typical
value for the reflection cbefficient of water, at normal incidence, might be

0.5; thus the emigsivity g;vould be 0.5; however, for land the reflectivity is

low and/tbé emisaivity ihﬁ approximately unity. A second effect of a large
reflectivity is that the d;)wnward radiation from the atmoaphere will be reflected
lroxp t}n w\‘gtor. pasaed through the atmosphere, and radiated to space. There-
fa're? 'lfmo ;san expect three termas in the equation for the brightness temperature:
(1) t}x\_e upward radiation from the atmosphere directly to space, (2) the radia-
Jttm'-‘lrom "?hb surfage, attenuated by the atmosphere, and (3) the downward
'raz%iation from the atmosphere, r;noctod from the water, and attenuated by

th¢ };tmoaphoro. If R is the microwave reflectivity and T, is the temperature
of the waler, then the solution of the equation of radiative transter gives

+

"S -v(t.h)d'

Tg(h,) . (14R)Ty, @ 0

!

. R.-?'Co.h.) S.. : -y {0,x)

T(x)e ¥ av,, | (16)

where h_ is the satellite height. If an average temperature ‘l‘"‘ {s assumed
for the atmosphere, as above, Eq. {16) gives . v

Thh,) = (1-R)Ty, o« V4T .vg(“‘ ") +Re | "‘(x - ) an

Off resonance, however, TB » (l-R)Tw. as follows from this equation with
v, ® 0. Therefore, the spectral response runltgng from the H,O is given by

17



ATy [(xm."")r"‘-u-n)rw} (x-.."’). (18)

If we take R 0.5, Ty ¥ 290°K, and use the values of Tavg 5¢ 7, 28 in Eq. éﬁh
we get AT S 30°K, a valus some 15 times that obtained over land. Note, also,
that the line now appears as an emission line because,cof course, of the low
effective radiative temperature of the water. Detailed computations, by means
of Eq. (16), yield the spectrum shown in Fig. 6. |

To obtain theae results, normal incidence and no frequency variation for the
reflectivity R were assumed. In practice, R may be a function of frequency,
and this munf be incorporated into the equations; however, K will vary mono-
tonically wm; frequency and does not represent a real problem. For angles
other than normal incidence, the reflectivity R will depend on polarization and
the degree of roughness of the ocear surface. The latter gircumstance opens
up the possibility of determining the sea state from passive microwave satellite
measurements and relating these to surface wind velocity.

"It is posaible to approximate Eq. (16) to first order in v and relate the area
under the brightnesa temperature profile to the integrated H,O abundance, aa
in Eq. {13). ' Therefore, passive microwave meagurements from a satellite are
capable of nlowtng & determination of the total HzO' content of the atmosphers
over ocem‘J The same experiment over land appears to be less promising;
however, meisorological data over the oceans are far more lacking than over
land. The great value of the microwave mathod over other techniques, for
example, infrared, is that many clouds are relatively transparent to microwave
frequencies; or their effect on the resonant part of the brightness temperature
[Tg(vil,,, can be subtracted easily from the observed spectrum. A second
advantage is that in the microwave range one deals with a single, optically
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thin line, whereas in the infrared range one has many overlapping lines of large
optical depth. Therefore, the microwave nzo line is comsiderably easier to
interpret in terms of integrated nzo content.
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IV. . O, Experiments

”'rhe microwave spectrum of ()z is congiderably more complex than that of
H,O bééi‘\iii'ii‘a ihs Jormer one must deal with gome 30-50 iines of varying
intengities, whereas in the latter only 2 lines actualily lie in the 10-cm to
l-mm wavelength range. The O_.,_ molecule i8 paramagnetic, since it is in

a 3g state, and the interaction of the molecule's permanent magnetic dipole
moment with the magnetic field that is set up as a result of its rotational
motion gives rige to the microwave spectrum. The physical origin 6! thia
spectrum, tn terms of molecular parameters, has been ducuued.z‘ 18 The
equations an;logoua to Eqs. (10) and (11) have been given recently in a dis-
cussion of the 0z spectrum in the terrestrial atmosphere and will not be

14 These equations follow, of course, from the general expres-

repeated here.
sions, Eqs. {7) and (8), and the theory of Section II is applicable to the 0z space
trum,

"It can be:seen from Fig. 1 that the optical depth reaulting from the O, lines
at X = 5 mm: {8 many times that resulting from the H,O line at \ = 13. 5 mm.
Even though the O, lines arise from a magnetic interaction, and hence are
in.hcrently waaker than typical slectric dipole lines, the large optical depth is
due to the corabined effect of many overlapping lines and the great abundance
of O, in the,atmosphera. As Figs. 1 and 2 show, ()z rendera the terrestrial
atmosphere-opaque to -mm radiation and precludes the possibility of probing
the atmosphere from ground level. . However, by observing at frequencies in
the wings of the O, complex, for example, from 50-85 Go or 65+70 Ge, the
atmospheric attenuation is leas than 3 db and individual lines should bp dis~

14

cenible,” . Furthermore, by using the sun as a background source, the effect

of the lines will be enhanced, a8 discussed in Section III. Preliminary results
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of an experiment of this type, by observing the line at 53. 070 Go, have besn
roporud" and show promise of giving information on temparature changes in
the stratosphere. | |

A basic uncdrtainty in the theory of the O, spectrum in tﬁo earth's atmos«
phere is the linewidth parameter, Av. As discussed in Section II, this arises
from trying to apply laboratory data to the wide range of pressures found in the
atmosgpherae, 'Expcrimentauy. it has been found that a value of approximately
0.6 Mc/min ﬁg‘ ia appropriate for j;rusuru near 760 mam Hg, but values of
~1.6 Mc/nﬁm Hg are more appropriate in the pressure range 0.25-20. 6 mm Hg.“'zs
Thése numbérs simply reflect tho fact that one cannot assume pressure broadening
to vary uncaﬂy thh prcsanrc ovor a ratio of 1000:1. Anothor uncertainty related
to Av, which hea generauy been omitted in the calculations of the 0 spectrum,. .
is that a single valuo of Av 18 not appropriatc to all lines. Many meuuroments
haw shown thin to be the cuc.zs but thcro is not complotc ugrument between .
thc menurdtnomn. and the exact nature of tho variation i- obseurc.

-Studies of the Oz unn at high nttltudu. by ulng oither b;noons or satellites,
are paruoularly nppoanng bccmu indtvtdual lines will be ruolvcd and relatively
uncontaminated by neighboring lines. For cumplc. at grannd hvcl unes have
a halfwidth of some 400-500 Me, whereaa the averagc upanuon bdween linea
ia of the order of 350 Mc. Fnrthermore, the high vcrtical attamxaﬁon at zround
hwsl complotoly masks any apectral linu in the center of thn o, coxnplex. On
the other hand, at an altitude of 30 knx. typioal of preuntnday balloon mghts.
the halfwidih of the lines is approxlmately 30 Me¢, and the zeniih attenuation,
for frequencies betweon resonant unea. 18 very low, that is, lesa than ] db.

A typical line profile to be expectdd ata height of 30 km Ls shown in Fig. 7
for a series of difiércnt genith angles, The line shown has a ruommi frequency
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of 61,150, 6 Mc¢ and was computed from Eqs. (5) and (6) with To edand h » 30 km;
however, the integration was carried out only to 60 km.

When one tonsiders O, line protiles at heights of 50 km, or more, consid-
erable caution must be taken in svaluating the theoretical profiles. The line-
width that is due to pressure broadening at these bcightl has decreased to the
point at which competing mechanisms of broadening may no longer be ignored,
Two typu of brondaning bscome important;s {(a) Doppler broadcning resulting
from the random thermal motion of the molccules. and (b) Zeeman broaden:ng
regulting from the splitting of each line mto its Zeeman components by the
geomagnetic fleld. Computations of line proﬁln including both these sources -
of broadening havo not bean pnblishod. but DOPPIGP brOadonmz u included in
Fig. 7

Bauoon obsemtions of one or more O, lines would be very usatul as a
means of conﬁrming the predictions of the theory of O emiuion. particularly
with refcrancc to the uncertainties in the prenura-broadencd linewidths and
the Lm;oortmcc of other broadening mechamsxns. Furthermorc, such studies -
would determine how sensitive the line intenuitien and promes are to tempere .
aturé variations in the stratosphere, as the ground-level observationl seem to
-ugpoat 13 A prouminary attempt to study a single O uno in the upper atnms-

.phcre was made by the author and his associates when a multichannel radxometer
| designed to study tho line at 61, 150. 6 Mc was carried aloft on August 22. 1963,
Thc flight, launchcd at the Balloon Flight Station of the National Center for:
Atmosphcric;ncsomh in Palntinc; Tcxu. was of 8 hours duration. of which
approximately 6 hours was at a float altitude of 108, 600 foet. Data analysis ia
not complete as thia paper is being written, but ibo rualﬁ of this flight and
subsequent mehu will be reported on.
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The O, lines appear to be particularly well suited for atmospheric soundings
by microwave techniques from an earth-orbiting satellite. This is because the
O, lines are Gpagque at their resonant frequencies, even at very high altitudes,
80 that the brightness temperature at ttut trcquoncy is ch.rutcrﬁtto of the
atmo:phoric mnparatnrt at that hcight As the frequency is mud slightly
from ruon:nu. thc O is less opaque and the received cmiulon originates ..
_trom a lower level of different atmospheric temperature. Computations give
.rise to some -tﬂkmx line profiles because of the temperature mvcuton in the
RL but caution must be exercised in using these ruulu Near a
resdnant n-moum the mmm vﬂt originau from heights in the range 30e
70 km, and this i the reglon in whith the anan effect c;n be oxpcctcd to be

ltratoaphoroa,

- important. This wm not oaly tond to obmontc effscta dopcndmg upon small

frequency dwormu. but will makée the received aignal a function of the antenna
pohriznton.i Although the Zeeman lpmttng ot the linea in the geomazmuc field
will only be approximately 3 M¢, in'some cases features or the order of 1 Me¢
‘i total width appnr ln the npoctrumz hcaco the importanco of the Zeomn
splitting on the rnultnm spectrum is obvtou-.

- 1'To probe thc utmocphcrc olfocuvely using the O, lines as observed from a
satellite, oup would like to dotcmiuc the temperaturs dutrlbutton tor hclghtn
greater tham 30 km, since lower heights ¢an be studied by buuoon tochntquem ;
As-can be deduced from Fig. 7, the O, above 30 km attenuates very little unless
observations are nry near s rcaoum line, ln which case tho brightness tem«
perature vuun -trongly with smalt nch-nzu xn !rnqucucy« 'rhm i.n turn, implies
thst to use the 0 lines to determine: the tomponturc in the upper mmnphoro ‘

~ ons must use narrow troqumy budwmthl lnd maintain a hlgh dogru bt m-
quency stability h the radiometer. mur\y. the smaller the bandwidth the
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grsater the Lsight resclution that can be obtained. Bandwidths of the order of

1 Mc should be considered; this fact implies a frequency stability that is 5«10
times smaller. The severe frequency stability required poses a difficult instru.
mentation problem, and the disadvantage inherent in using & narrow bandwidin
is a loss of temperature resolution without a corresponding increuse in integra-
tion time. Navertheless, these difficulties are not fundamental, and gatellite
oburvntioﬁ of the 0x lines offer a powerful means {0 obtain upper~atmosphers
tompcrnuru' on a globel scale. Certainly, wideband measurements are cure
rently fouibic and would provide valuable information tOl" future oxporimcnu.

V. !:xporimbnu Involving Other Molecules

The mlcrovuvo spectrum of O is rlch in lines extending from approximato\y

10 Gc to the lnfurod npcctrum.“’ z‘

and therefors O’ is a prime target for

‘ mlcrownvo studlo-. One unsuccessful attempt has been made to detect the line
at 36. 023 Mc in the terrastrial atmosphere by measuring the atmospheric atten«
uation as a lunctiou of lrcquoncy." It is of interest {0 make & crude estimate
of tho Optlell dopth as & means of evaluating the expected signal causad by O
Tho line at 31, 832 M¢ has  maximum absorption coefficient of 7.4 X xo 1.26
and, {fitis :uumed that the 0’ llyer is 10 km thick, then 70’ = T4¢, where (

is the fractional abuniance of O’ 'rho total number of 0 molecules is approxi.
mately 1019 om™® at a typical hetght of 20 km; thus ¢ is of the order of 10~>,

-3 and the axpoetod emission from the ntmoaphero would be

Hence, 'O, €10
only a few tehths of 1°K. However, {f a solar abnorption type oxperlment were
pearmed, the expected signal would be approximately 3°K. Therefore, such
an experiment warrmﬁ further investigation. '

“These computations are crude, pwﬂculiriy because the value for the
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absorption coefficient utilizes a linewidth parameter determined from 04-0,
collisions, 'horm one should include effects of O,-Oz and O4-N, aollisiona.
Thess sffscta wil} é-“--- the linewidth and incresae the optical depth and
thereby make the experiment more feasible.
The detection of other molecules by radio methods seems far leas promising
than those already discusaed. ¥or example, OH has measured radio transitions
caused by elestronic fine structure extending from 1670 Mc to 37,000 Mo, and
one can cousider detecting telluric OH known to exist at an altitude of approxi-
mately 70 km. Bowever, computations show that § X lo“ OH radicals per m:nz
inthe J = 3/2, 'v, /2 state are required to give an emission line of 0. 05°K at
1667 Mc. Tils signsl is very weak, sven by present-day radio astronomical
 staridards, ahd its deteetion would réquire sophisticated equipment. However,
the signal cah be increased (0 5.10°K by using the sun as a background source
and increasing the integration time to offset the greater receiver fluctuations
that will resdit. With this techaique, ‘one could possibly detect 1013.10%* on
radicals per mnz.

 Note frorh the frequency dependence of Eqs. (7) and (8) that high-frequency
lines give a greater attenuation for the same number of molecules along the line
of dight. This effect may bs offset, at least partially, by the Boltsmann distri-
butibn among states at & given temperature, but it suggests that high-frequency
lines are mows favoradble for marginsl detections, However, squipment is less
sonsitive at Righ frequencies, particularly at millimeter wavelengths, and this

- makes the detection of millimeter resonance lines difficult. A particularly

- intereating skperiment would be the detection of NO by virtue of its lines at
1504210 Mo and 150, 510 Mo because direct experimental evidence for neutral

NO In the upper stmoaphere is lacking. Bowever, experiments of this nature
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must await the development of sensitive apectral line recsivers at millimeter
wavelengtha,
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?“s 4.

F“o "“Q

K(. 6.

- Figure Captions

The optical depth of the earth's atmosphere versus frequency for seaith
angles of 0°, 60°, and ese.

The brightndo- temperature of the sarth's atmosphere versux frequency

for senith angles of 0°, 60°, and 8593.

An idealized nzo distribution. The departure from an cxponénual dise~
tribution which occurs near 18 km is in doubt and may result from conws
tamination by the balloon used to make the measurements.

The nzo frequency profile computed by using the distribution of Fig. 3.
The large °-puu" on the resonant frequency results from the anomalous
H,O in the stratosphere. - -

Til‘ gpectra of the ‘spike' shown in Fig. ¢ as it would appear at various
heights in the atm‘ouphcrc. The distribution of m 3 is assumed with
44 p of precipitable n&o above 30 km.

The E} spectra computed for a satellite at a hotght of 780 km over the
dccm. The reflectivity of water is assumed te bo 0.5. and the tompera-
ture is 300°K. Normal lncldmeo is tunmcd. '

Fig. 7. Computed spectra of the 61 151 Me line of 02 tor various senith angles

as seen from a height of 30 km.
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